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Using complementary thermal wave methods, the irradiation damaged region of zirconium carbide
(ZrC) is characterized by quantifiably profiling the thermophysical property degradation. The ZrC
sample was irradiated by a 2.6MeV proton beam at 600 C to a dose of 1.75 displacements per atom.
Spatial scanning techniques including scanning thermal microscopy (SThM), lock-in infrared
thermography (lock-in IRT), and photothermal radiometry (PTR) were used to directly map the
in-depth profile of thermal conductivity on a cross section of the ZrC sample. The advantages and
limitations of each system are discussed and compared, finding consistent results from all techniques.
SThM provides the best resolution finding a very uniform thermal conductivity envelope in the
damaged region measuring 526 2lm deep. Frequency-based scanning PTR provides
quantification of the thermal parameters of the sample using the SThM measured profile to provide
validation of a heating model. Measured irradiated and virgin thermal conductivities are found to be
11.96 0.5Wm1K1 and 26.761Wm1K1, respectively. A thermal resistance evidenced in the
frequency spectra of the PTR results was calculated to be (1.586 0.1) 106m2KW1. The
measured thermal conductivity values compare well with the thermal conductivity extracted from the
SThM calibrated signal and the spatially scanned PTR. Combined spatial and frequency scanning
techniques are shown to provide a valuable, complementary combination for thermal property
characterization of proton-irradiated ZrC. Such methodology could be useful for other studies of ion-
irradiated materials.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821432]
I. INTRODUCTION
Ion-irradiated material studies provide valuable insight
into material behavior under irradiation conditions that can
be correlated to neutron irradiation effects.1 The need for
temporally and monetarily costly studies of neutron interac-
tion with materials can potentially be mitigated. In general,
the irradiation process is one of few tools available with the
ability to alter material structure in such a way that it can be
measured and correlated to the resulting effects on the mate-
rial’s properties. One of the challenges associated with stud-
ies of such materials is that the affected layer is typically
very thin, 0.1–100 lm for laboratory accelerators.2,3
Understanding thermal properties of nuclear as well as
most any other engineering materials is vital for both science
and application. Few investigations have been reported of
ion-irradiation effects on thermal transport properties, in
part, due to the challenge associated with measurements of
the size of the zones of interest (0.1–100 lm). General
characteristics of the resulting damage profile from heavy
ion irradiation are a very limited depth of penetration with a
strongly peaked damage profile. For light-ions (protons), the
irradiation-damaged profile can exceed several tens of
microns with relatively low beam energies while maintaining
a fairly constant damage level over most of the profile (for
more detail about particle characteristics, see Ref. 3).
In recent years, frequency-based thermal wave methods
have been used to investigate thermophysical properties of
ion-irradiated samples.4–6 In these techniques, periodic heating
is applied to a sample inducing a periodic temperature
response in the sample. Commonly, heating is by laser or other
light source; thus, many methods are termed photothermal.
The induced periodicity of the temperature field in the sample
follows the mathematical description of evanescent waves,
thus the term thermal wave. Different thermal wave techniques
are distinguished by the methods used for exciting and detect-
ing these thermal waves. The distance these thermal waves
travel before the temperature amplitude decays to 1/e of the
amplitude at the heated surface is called the thermal diffusion
length, l¼ (a/pf)1/2, where a is material thermal diffusivity
and f is the heating modulation frequency. Using the
frequency-dependent thermal diffusion length, these techni-
ques then have the advantage of non-destructively, depth-
profiling the sample with knowledge of sample thermal and
geometric parameters. For previous photothermal studies of
ion-irradiated samples, numerically calculated irradiation-
damage profiles have been used to approximate the profile as a
discretely layered structure with thicknesses taken from the nu-
merical predictions.4,6 One study used transmission electron
microscopy of the in-depth irradiation damage profile to vali-
date the numerically predicted profile.5
Zirconium carbide (ZrC) has several potential applica-
tions in fuels for next generation nuclear reactors. Irradiation
effects, especially the degradation of thermophysical proper-
ties, on ZrC are still poorly understood, especially in regarda)Electronic mail: colby.jensen@aggiemail.usu.edu
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to material types, irradiation conditions, and damaging doses
relevant to its application. The physical properties of ZrC are
highly dependent on stoichiometry. In the literature, ZrC has
a room temperature thermal conductivity (k) ranging from
17–40Wm1 K1 depending on stoichiometry and den-
sity.7,8 Also, being a metal ceramic, ZrC has k comprised of
the summed contributions of electrons and phonons (dis-
cussed in Sec. IVB 1). Favorable for the IR detection meth-
ods used in this work, ZrC has high emissivity (0.9).9
Only a few studies have reported measurements of irra-
diation effects on thermal conductivity.4,10,11 David et al.
found a 50% and 75% decrease in thermal conductivity for
two different dosages on ZrC (virgin k¼ 20Wm1K1,
composition not specified) irradiated by 25.8MeV krypton
ions.4 Snead et al. found only minor degradation in k of ZrC
with C/Zr ratio of 0.87, from exposure to fast neutron irradia-
tion. The non-irradiated thermal conductivity for their sam-
ple was between 12 and 16Wm1K1. They attributed the
reduction mainly to phonon scattering as the electronic con-
tribution to thermal conductivity showed no change.11
The objective of this study is to characterize the thermal
conductivity degradation in proton-irradiated ZrC. In a manner
not previously studied, four thermal wave methods are used in
this work to characterize the proton-irradiated layer in ZrC
including scanning thermal microscopy, spatial-scanning front-
detection photothermal radiometry (PTR), lock-in IR thermog-
raphy (lock-in IRT), and tomographic, frequency-based PTR.
A full mathematical description of the sample is presented
with reduced forms for special cases related to (1) various lim-
its in frequency scanning PTR and (2) each of the spatial scan-
ning techniques. The profiles obtained by each of the spatial
scanning methods are compared to each other and the numeri-
cal prediction of the ion-damage profile. For the frequency-
scanned PTR measurements, a sample of undamaged ZrC ma-
terial was used first to measure the thermal properties of the
virgin material. The virgin material properties and spatially
scanned profile allow for the irradiation-damaged zone thermal
properties to be calculated from measurement on the irradiated
ZrC sample. The complementary nature of the various techni-
ques validates the measured profile and the measured degrada-
tion of thermal conductivity in the ZrC sample.
II. SAMPLE DESCRIPTION
In this work, a 3mm disc of nearly stoichiometric
(C/Zr¼ 1.01), hot-pressed, commercial-grade zirconium carbide
(ZrC) was cut from a rod having a measured density of
6.58g cm3, near the theoretical density of 6.64g cm3. The
value of specific heat, cp, has been taken from the literature as
368 J kg1K1.7,12,13 One face of the 500lm thick disc was
polished and irradiated using 2.6MeV proton beam. Both before
and after irradiation the sample grain size was studied using
scanning electron microscopy (SEM) finding an average size of
24lm and no indication of grain boundaries, respectively. A
more complete description of the irradiation preparations and
conditions of the sample is given by Yang et al.14
Proton irradiation was performed at 600 C until the dam-
age level reached an approximate level of 1.75 dpa (displace-
ments per atom) in the nearly constant portion of the profile
comprising the first several tens of microns of the damage
depth profile. The damage profile calculated by TRIM2008
(Ref. 15) (transport of ions in matter) using threshold displace-
ment energies of 35 eV for zirconium and 25 eV for carbon as
given by Yang et al.14 is shown in Fig. 1(a). The numerical
result is compared to the profiles obtained using thermal trans-
port measurement techniques in Sec. IVA. The damage pro-
file will have some proportionality to the degradation of
thermal conductivity of the material.
After irradiation, a fragment of the sample was fractured
off to reveal the cross section of the damage profile to mea-
sure using the spatial scanning techniques. The cross section
was mounted in epoxy and polished down to 0.02lm colloi-
dal silica. The remaining disc was used for the frequency-
based PTR measurements. Sample measurement configura-
tions are shown in Fig. 1(b). Additionally, a disc of undam-
aged ZrC was used to measure the thermal properties of the
virgin ZrC material.
III. MEASUREMENT METHODS AND THEORY
A. Scanning thermal microscopy (SThM)
SThM16–18 was used to measure the thermal conduct-
ance profile of the cross-sectioned, irradiated ZrC sample.
The SThM measurements were made using a Wollaston-
type thermoresistive probe mounted on a TA Instruments
lTA 2990 Micro-Thermal Analyzer in constant tempera-
ture mode. In this mode, the measured power is then
directly proportional to the thermal conductance of the
tip to the sample. Assuming similar physical contact char-
acteristics for a given probe provides the ability to extract
information regarding the thermal conductivity of the
sample.19 The lateral resolution is determined by the size of
FIG. 1. (a) Numerically calculated
damage profile for 2.6MeV protons in
ZrC from TRIM2008.13 (b) Sample
measurement configurations for fre-
quency and spatial profiling techniques.
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tip-sample contact area. This statement is valid also when
the SThM is operated in the ac mode and is known as the
super-resolution effect of thermal wave probing.20 It is due
to the fact that the thermal diffusion length in the sample at
the used modulation frequencies (up to tens of kHz) is still
much larger than the size of the contact area. The ac and dc
modes provide the same information about the sample.
Therefore, active (sample heating), single-tip SThM mea-
surement is not a true thermal wave method in the sense
that probing (heating) depth is not controlled by heating
modulation frequency.
Quantitative measurement results for thermal conduc-
tivity are prone to large uncertainties due to reproducibility
of the tip contact and decreasing measurement sensitivity
for medium-to-high thermal-conductivity samples (kZrC).
As a consequence, SThM functions well to measure relative
values, especially within a single scan line where thermal
contact conditions change little. The irradiated-ZrC cross-
section is a good sample for measuring relative k values
because of similar physical characteristics between the
damaged and virgin zones that can be scanned in a single
line.
B. Lock-in IRT
For the lock-in IRT measurements,21–23 the same laser/
acousto-optical modulator (AOM) used in the PTR setup
(described in III C 1) was used to heat the surface of the
cross section of the sample at a frequency of 40Hz. An IR
(wavelength 3.5–5.0lm) camera model (CEDIP Titanium)
with a frame rate of 100Hz recorded the periodic heating
response of the sample over a period of 10 s. Home-made
software (CAMIR) was used to calculate the amplitude and
phase for each pixel, at the heating frequency, using lock-in
techniques. Figure 2(a) shows a schematic of the measure-
ment setup. The result is both amplitude and phase images of
the entire sample.
C. PTR
1. PTR method with periodic excitation
A schematic of the PTR24–26 system in front detection con-
figuration (FD-PTR), used for both spatial and frequency scan-
ning, is presented in Fig. 2(b). The system uses a DPSS,
532nm laser modulated by an AOM at a given frequency to
heat the sample surface. Parabolic mirrors capture the emitted
IR radiation from the sample, focusing it into an HgCdTe de-
tector with a 1mm2 detection area. A preamplifier passes the
signal from the detector to a lock-in amplifier which measures
the temperature amplitude and phase relative to the heat source.
The results were normalized using the electro-optical transfer
function of the setup at low frequencies. For higher frequencies
(>10 kHz), normalization was performed using data from pol-
ished steel.
For the frequency scanning measurements, the Gaussian
heating laser beam profile was homogenized using a flat-top
beam shaper. In this way, the entire surface of the sample
(<3mm diameter) was heated uniformly, creating an approxi-
mate 1D heating condition. Measured amplitude and phase spec-
tra for the range of frequencies having the greatest sensitivity to
the parameters of interest (Sec. IIIC3) were then used to fit the
thermal model (Sec. IIIC2) to extract the measured parameters.
For the spatial scanning measurements, the flat-top
beam shaper was replaced with a set of lenses to focus the
heating spot to a size of 50 lm. The sample was then
scanned laterally using a micrometer stage.
2. Frequency scanning PTR response of a two-layer
sample
As with other works, the continuously varying damage
in the irradiated zone (see Fig. 3) is approximated as a multi-
layered structure.4–6 As compared to other types of ions, pro-
ton irradiation lends particularly well to a structure
approximated by discrete layers due to the relatively thick
and uniform damage level spanning most of the damaged
zone in the sample. From the measured profile obtained from
SThM measurements,19 the proton-irradiated ZrC sample is
modeled as a homogeneous damaged layer on the bulk, vir-
gin ZrC material as seen in Fig. 3. An interfacial thermal re-
sistance, Rth, is placed between the two materials to account
FIG. 2. Schematics of measurement systems: (a) lock-in infrared thermogra-
phy (IRT) and (b) front-detection photothermal radiometry (FD-PTR) used
for frequency and spatial scanning.
FIG. 3. Schematic of heat model geometry used for frequency-scanning FD-
PTR for irradiated ZrC sample.
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for the possibility of a greater damaged zone, seen in the
numerically calculated damage profile and/or the presence of
void space at the interface (discussed in more detail in Sec.
IVB 2). The later discussed spatial profiling measurements
showed no evidence of a secondary layer; however, for a
thin layer, using Rth is also mathematically appropriate.
Several models for multilayer systems with modulated
heating have been developed.27,28 In this work, the thermal
quadrupoles method has been used to model the irradiated
ZrC sample.29 The sample is considered adiabatic (heat
losses neglected) and opaque to the 532 nm laser heat source
(absorption calculated from the dielectric constant of ZrC0.96
results in a penetration depth of <50 nm). In the simplified
case of the ZrC sample under plane illumination (1D), a ma-
trix relationship between the temperature and heat flux at the
front and at the rear of the sample may be found as
Tirrðz ¼ 0Þ
uirrðz ¼ 0Þ
 
¼ Airr Birr
Cirr Dirr
 
 1 1
1 Rth
 
 AZrC BZrC
CZrC DZrC
 
 TZrCðz ¼ LsÞ
uZrCðz ¼ LsÞ
 
;
(1)
where Ai¼Di¼ cosh(riLi), Bi¼ sinh(riLi)/(kiri), Ci¼ kiri
sinh(riLi) for layer “i.” ri is the complex thermal wave
vector, ri¼ (ix/ai)1/2¼ (1þ i)/li, where li¼ (ai/pf)1/2 is the
thermal diffusion length. The depth sensitivity controlled
by l makes frequency-based thermal-wave techniques
powerful for non-destructively probing the in-depth proper-
ties of materials. ai¼ ki/(qicpi) is thermal diffusivity with
thermal conductivity, ki, density, qi, and specific heat
capacity, cpi, for material “i.” The term “kiri” may be sim-
plified to ei(ix)1/2 where ei¼ (kiqicpi)1/2 is the thermal
effusivity.
Assuming the heat losses at the rear are negligible so
that uZrC(z¼Ls)¼ 0, the thermal impedance of the sample
in a front detection configuration (FD-PTR) may be found
as
ZirrZrC ¼ Tirrðz ¼ 0Þuirrðz ¼ 0Þ
¼ Airr  AZrC þ Birr  CZrC þ Airr  CZrC  Rth
Cirr  AZrC þ Dirr  CZrC þ Cirr  CZrC  Rth ; (2)
or in an explicit form as
ZirrZrC ¼ 1 i
eirr
ffiffiffiffiffiffi
2x
p  1þ ðeZrC=eirrÞtanhðrirrLirrÞtanhðrZrCLZrCÞ þ
ffiffiffiffiffi
ix
p
eZrCRthtanhðrZrCLZrCÞ
tanhðrirrLirrÞ þ ðeZrC=eirrÞtanhðrZrCLZrCÞ þ
ffiffiffiffiffi
ix
p
eZrCRthtanhðrirrLirrÞtanhðrZrCLZrCÞ
: (3)
At low frequencies the whole sample is thermally thin
(Lirr/lirr LZrC/lZrC 1). The thin irradiated layer can be
incorporated in the bulk, and in a first approximation Eq. (3)
yields
ZZrC ¼ i=ðxLsqscpsÞ; (4)
meaning that the PTR signal amplitude is / f1 and the
phase is 90. There is no influence from the parameters of
the irradiated layer or from Rth. The sample is equivalent to
the homogeneous bulk ZrC.
At intermediate frequencies the bulk ZrC is thermally
thick (Lirr/lirr	 1 LZrC/lZrC). Then tanh(rZrCLZrC) 1 and
Eq. (3) reduces to
ZirrZrC ¼ 1 i
eirr
ffiffiffiffiffiffi
2x
p 1þ ðeZrC=eirrÞtanhðrirrLirrÞ þ
ffiffiffiffiffi
ix
p
eZrCRth
tanhðrirrLirrÞ þ ðeZrC=eirrÞ þ
ffiffiffiffiffi
ix
p
eZrCRthtanhðrirrLirrÞ
: (5)
This frequency range offers the most information on the
irradiated layer. Referring to the bulk layer, Eq. (5) contains
only its effusivity, eZrC.
At high frequencies both layers become thermally
thick (1 Lirr/lirr LZrC/lZrC), and Eq. (5) further simpli-
fies to
Zirr ¼ ð1 iÞ=ðeirr 
ffiffiffiffiffiffi
2x
p
Þ; (6)
meaning that the amplitude is / f1/2 and the phase is 45.
The only accessible parameter is eirr, via the amplitude.
There is no influence from the bulk layer. Equation (6) is ap-
plicable for the spatial-scanning PTR on very shallow
depths. It allows measuring relative effusivity variations
over the sample cross-section.
Depending on boundary conditions, a layer manifests ei-
ther its capacitive impedance component ZC (like Eq. (4))
under quasi-isothermal conditions or its resistive component
R¼ L/k under temperature gradients between the two faces.
In the quadrupole formalism the two components appear in
parallel. As long as ZC
Rth, ZC can be neglected and L can
be set to zero. In a multilayer system, such layer can be
replaced by an interfacial thermal resistance Rth having the
same value as R. Note that the condition for this equivalence
depends on frequency. In Sec. IVB 2 it will be shown that
this condition is fulfilled in the present study.
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3. Sensitivity analysis
From the theoretical model presented above, the de-
pendence of the complex impedance to x is a function of
five independent parameters: Lirrairr
1/2, LZrCaZrC
1/2, eirr,
eZrC, and Rth. The parameters related to the virgin material
are measured independently so that the independent parame-
ters to be determined are Lirrairr
1/2, eirr, and Rth. To ensure
unique fitting results, the relative sensitivity of the thermal
parameters to be fitted has been studied. The relative sensi-
tivity of a function, F(p), to parameter p is defined as
Sp ¼ @F=F
@p=p
¼ @ðlnFÞ
@ðln pÞ : (7)
In the case of complex quantities, F¼Aexp(iu), it can be
shown that Sp¼ SA,pþ iSu,p, where Su,p¼ @u/@(ln p).30
A value SA,p¼1 implies F/ p1. The relative sensitivities
for A and u to the three parameters related to the irradiated
layer are plotted in Fig. 4. Their sensitivity spectra are different
indicating that the respective parameters are not correlated.
Therefore, the fit of this parameter set is feasible. Moreover,
the features of the spectra are consistent with the discussion of
Eqs. (4)–(6). At low frequency there is practically no sensitiv-
ity to the plotted parameters (Eq. (4)) while at high frequency
there is only amplitude sensitivity to eirr (SA,eirr¼1) as pre-
dicted by Eq. (6). All three parameters reveal strongest sensi-
tivity from 8Hz to 8 kHz providing the range of frequencies
selected for fitting them in the thermal model to the FD-PTR
results. This range encompasses the more restrictive interval of
17.5–580Hz set by the thermally thin-thick limits of the two
layers (see Fig. 6 and Table II). The parameter of interest kirr is
embedded in Lirra
1=2
irr and in eirr. It will be eventually deter-
mined using other complementary data (see Sec. IVB2).
IV. RESULTS AND DISCUSSION
Results are first presented for the spatial scanning meth-
ods as the obtained profiles will contribute to the model used
in extracting the thermal parameters from the frequency
scanned FD-PTR results. Each of the spatial measurements
was performed on the polished cross-section of the irradiated
ZrC sample. To ensure unique fitting results for the damaged
layer of ZrC, an undamaged ZrC sample was first measured
using frequency-scanned FD-PTR to obtain thermal parame-
ters for the virgin material. The FD-PTR measurements were
then made on the irradiated face of the remaining piece of
the ZrC sample, from which the thermal properties of the
irradiated layer were calculated.
A. Spatial scanning
The results for the three spatial scanning techniques are pre-
sented in Figs. 5(a)–5(c). In all cases, depth¼ 0lm corresponds
to the irradiated surface of the ZrC cross section. Figure 5(a)
FIG. 4. Relative sensitivities of the (top) amplitude and (bottom) phase to in-
dependent parameters for proton-irradiated ZrC using the values for parame-
ters shown in Table II.
FIG. 5. Spatially scanned profiles of
irradiated-ZrC cross-section. Vertical
line “Boundary” marks SThM meas-
ured thickness of irradiated layer in
(a)-(d). (a) Several SThM profiles used
to piece together overall profile (upper
levels). (b) PTR amplitude profile at
1MHz heating with 50lm focused
spot. (c) Average of four lock-in IRT
profiles at 40Hz heating of entire cross
section, taken from amplitude image
(inset, amplitude image showing sam-
ple cross section). (d) Comparison of
measurements from spatial scanning
techniques (edge effects removed in
lock-in IRT) and numerical prediction
of damaged layer.
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shows several SThM measured profiles extracted from a con-
stant temperature scanned image. The resulting measured
profile has characteristics related to the specific thermal
probe used in the measurements due to the differences in
probes from the individual, hand fabrication process. As is
more fully detailed in a previous work,19 the true thermal
conductivity profile for this probe was found to be the upper
levels of the measured signal where the various dips were
related to topographical effects of the surface. Clearly, the
upper level represents a more stable, repeatable, and level
envelope. Near the irradiated surface (depth¼ 0lm), the
decrease of signal is most likely due to an increasingly
rounded edge (from polishing), changing tip-sample contact
and not from a change of thermal properties.
Characteristic effects of the proton irradiation on the ther-
mal conductivity of the sample are evident in the nearly flat
and constant damaged region leading to a sharp transition
from irradiation penetration depth to the virgin material.3
Previously, using the combination of topographic and thermal
images with validation from optical micrographs, the depth of
irradiated/virgin transition was measured to be 526 2lm.19
The measured length corresponds to the front surface to the
middle of the transition region while the uncertainty corre-
sponds to the length of the transition region, 4lm. Also of
significance and disagreeing with the numerical prediction,
the profile reveals no evidence of greater degradation of k
near the stopping range of the protons. Therefore, no interme-
diary layer of higher damage is assumed in the thermal model
used for fitting PTR data. A previous work detailing the cali-
bration of the SThM signal found kirr¼ 106 2.4Wm1K1
and kZrC¼ 306 10Wm1K1.19
Figure 5(b) presents the normalized amplitude profile
across the entire thickness of ZrC cross section measured by
PTR with a focused laser heating spot of 50 lm. The pro-
file is normalized to the average value of the amplitude in
the non-irradiated zone of the sample and represents the av-
erage of three spatial scans with a heating modulation fre-
quency of 1MHz. At this frequency l 1–2 lm, meaning
thermally thick sample heating case so that the amplitude is
inversely / e (Eq. (6)), assuming that the irradiated and non-
irradiated zones have similar radiation properties. Although
the diffusion length is small in this case, the limitation of lat-
eral resolution was found to be the spot size, which was
measured to be 50 lm (at 1/e2) using a DataRay WinCamD
profilometer. In the measured profile, the edges of the sample
and the boundary between irradiated and non-irradiated
zones evidence the insufficient resolution by gradual changes
of signal representing a convolution of the laser spot across
the two zones. The peak in the measured profile again shows
the damaged layer, a zone of lower e (eirr< eZrC).
Because the amplitudes are approximately / e1, the nor-
malized profile should also represent the ratio of eZrC to the
local thermal effusivity of the sample. In the damaged layer, a
normalized peak of 2 represents the ratio eirr/eZrC. Assuming
the same volumetric heat capacity, this means that the conduc-
tivity ratio of the kZrC/kirr is about 4. The width of the zone is
wholly consistent with the measured width found in the SThM
profile taking into consideration the heating spot size.
The final direct measurement of the thermal conductivity
profile is displayed in Fig. 5(c) using lock-in IRT. The ampli-
tude image of the ZrC sample from which the profiles were
extracted is shown in the inset of the figure. Again, the result-
ing average of four profiles has been normalized to the level
of the virgin ZrC. For this measurement, the heating fre-
quency was limited to 40Hz, giving l of the order of Ls. For
this reason the spatial resolution of the thermal signal is not as
good as the pixel resolution of the camera, which was found
to be approximately 5lm. Also, for the same reason, any
quantitative interpretation is more difficult to extract from the
measurement. The normalized amplitude peak of 1.2, much
less then the PTR result, is expected due to the increased heat
spreading due to the large thermal diffusion length whereas
the PTR measurement is confined to a depth of 1–2lm
from the surface. Still, the damaged layer is clearly present
with an apparent thickness of the order of 50lm.
A direct comparison of the three different spatial profiles
along with the numerically calculated profile is found in
Figure 5(d). In this figure, edge effects were removed in the
lock-in IRT profiles by subtracting the mirror-inverted, non-
irradiated edge from the irradiated edge profile. The SThM
profile is represented by an average of the upper levels of the
various profiles, considered to be the thermal conductivity
profile of the sample. Table I summarizes the characteristics
FIG. 6. FD-PTR amplitude and phase for proton-irradiated ZrC. Points, experi-
ment; solid lines, fit with Eq. (3) and Lirra
1=2
irr , eirr, and Rth as free parameters;
dashed lines, Eq. (3) with Rth¼ 0. Key parameter values are listed in Table II.
The thermally thin-thick vertical markers (fT given in Table II) delimit three
frequency sub-ranges and the respective theoretical special cases.
TABLE I. Characteristics of thermal conductivity profiling methods used on proton-irradiated ZrC.
Method Scanning type Lateral resolution Probing depth kirr (Wm
1K1) kZrC (Wm
1K1)
SThM Spatial Contact radius 1 lm Contact radius 1 lm 106 2.4 306 10
Lock-in IR Thermography Spatial Pixel size¼ 5 lm, l 300lm l 300lm … …
PTR Spatial Heating spot size 50lm l 1–2lm (1/4)kZrC …
PTR Frequency Measured spot size 1mm l 1mm1 lm 11.96 0.5 26.76 1
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of each technique’s measured profile. The SThM measure-
ment has the best lateral resolution of the three methods and
is, therefore, the most accurate for predicting the irradiation-
induced damaged depth (used in Fig. 5). For the PTR and
lock-in IRT, each has both a strength and a weakness con-
cerning spatial resolution of the measurement that is each
other’s opposite. The PTR can operate at high frequencies
(at the cost of reduced amplitude, A/ f1/2) allowing for
small l, but the heating spot size used in this measurement is
large relative to the needed resolution for measuring Lirr.
Lock-in IRT has good spatial resolution, but frame rate lim-
its the possibility of decreasing l. For decreasing heating
spot size, PTR resolution will have the inherit limitation
from the IR wavelengths involved in detection (8–12 lm) as
well as the conflict of diminishing IR signal vs. excessive
sample heating.
In regards to the extraction of quantitative information,
none of the spatial profiling methods used provide a reliable
extraction of k. The value extracted for kZrC is at the upper
limit of typical SThM sensitivity, and thus uncertainty
becomes increasingly large for this range. For the PTR spa-
tial scans, ratio of effusivities was extracted although again
with large uncertainty, primarily related to the variations of
thermal radiation properties (optical reflectivity and IR emis-
sivity) across the sample surface. Still, the high emissivity
(0.9)9 of ZrC is favorable for such analysis especially com-
paring between two zones of the “same” material. The
results extracted from SThM and PTR are comparable and
especially interesting when viewed from the perspective of
measurement probing depth in the two measurements. For
the PTR at 1MHz heat modulation and the SThM, the prob-
ing depths are both on the order of a few microns. Therefore,
the effects of the (larger) grain boundaries in the material are
not measured. As was previously described, the irradiated
zone shows no evidence of grain boundaries while the virgin
ZrC is characterized by grain of 25 lm size. The virgin ma-
terial would be expected to have a higher measured thermal
conductivity (excluding longer scale effects due to boundary
thermal resistance). Assuming kirr 10Wm1K1, a value
of kZrC/kirr¼ 4 is not unreasonable for this measurement.
B. Frequency scanning
Equation (3) describes the thermal impedance of the
ZrC sample, which is proportional to the sample surface tem-
perature measured by the PTR system. The sensitivity analy-
sis showed that the parameters, Lirra
1=2
irr , eirr, and Rth, are
decorrelated and can be simultaneously fitted. Prior to that,
the other two parameters LZrCa
1=2
ZrC and eZrC were deter-
mined from a sample of undamaged ZrC material. Both am-
plitude and phase data were used for extracting the thermal
parameters of interest. However, because the amplitude is
dependent on instrumental factors, only relative values were
used.
1. Thermal diffusivity of virgin ZrC
A non-irradiated sample of ZrC with known thickness Ls
0
was used to measure its thermal diffusivity from frequency-
scanning FD-PTR. The direct transition between Eqs. (4) and
(6) (with eZrC replacing eirr) occurs at frequency fT when
lZrC¼ Ls0 , whence Ls0 a1=2ZrC ¼ ðpfTÞ1=2. The PTR obtained
spectrum and the fT marker are similar to Fig. 6 below
100Hz. Next the measured value of q and the literature
value of cp (see Sec. II) were used to extract kZrC. The result is
a bulk value of kZrC¼ 26.76 1Wm1K1 (Tables I and II).
For comparison, thermal conductivity of ZrC reported in the
literature varies from 17 to 40Wm1K1.7,8,31–33 Finally,
eZrC could also be determined. Using electrical resistivity val-
ues of 65–75lX cm from the literature for similar stoichiome-
try (1) and hot-pressed ZrC,7,8 the Wiedemann-Franz Law
predicts an electronic contribution to k of 9–11Wm1K1.
2. kirr and Rth
Frequency scanning FD-PTR measurements were made
on the irradiated face of the ZrC sample. Multiple measure-
ment spectra were obtained over the span of a few months
finding very consistent results. Amplitude (A) and phase (u)
results measured on the irradiated face of the ZrC sample
along with the model results (Eq. (3)) are presented in Fig. 6.
A summary of key parameter values are found in Table II.
For visual purposes, the amplitude data are plotted as Af1/2.
This subtracts the overall amplitude slope of f1/2 found in
the pre-factor of Eq. (3). At low frequencies, the results are
characteristic of a thermally thin sample (l>Ls), where A
demonstrates f1 dependence and u approaches 90 (cf.,
Eq. (4)). For high frequencies (l<Ls), Af1/2 is flat while
u!45 (cf., Eq. (6)). The dashed lines are plots of Eq. (3)
for Rth¼ 0. The differences relative to the full model are rel-
atively small in the mid-frequency range and vanish outside
this range. This behavior is consistent with the low sensitiv-
ity spectra to Rth from Fig. 4.
The simultaneous fit of the independent parameters:
Lirra
1=2
irr , eirr, and Rth to A, and u with Eq. (3) provides the
results shown in Table II. Using the measured values of Lirr,
from airr and eirr, results in kirr¼ 11.96 0.5Wm1 K1 and
(qcp)irr¼ (2.426 0.1) 106 Jm3K1. The fit value of
interfacial resistance is Rth¼ (1.586 0.1) 106m2KW1.
kirr is dependent on Lirr of the sample due to the parameter
dependency of the model. The resulting value of (qcp)irr is
nearly identical to the value of the non-irradiated material.
TABLE II. Key sample parameters derived from independent fit parameters (Lirra
1=2
irr , eirr, and Rth) and from additional measurements: m denotes previously
measured, SThM denotes SThM measurement, PTR denotes FD-PTR measurement. Transition frequencies fT for thermally thin-thick (l¼L) irradiated and
bulk layers are also given.
Layer fT (Hz) L (lm) k (Wm
1K1) qcp106 (Jm3K1) Rth106 (m2KW1)
Bulk ZrC 17.1 4536 2 (SThM & m) 26.76 1 (m) 2.42 (lit)7,12
1.586 0.1 (PTR)Irr. ZrC 579 526 2 (SThM) 11.96 0.5 (PTR) 2.426 0.1 (PTR)
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Irradiation effect on heat capacitance is not expected to be
great, and for a similar material, SiC was found to be practi-
cally non-existent for neutron irradiation.34 As further valida-
tion, image analysis was performed on an optical micrograph
of the sample cross section (e.g., Fig. 7). Comparing the num-
ber of pixels related to defect areas (appear porous) between
the two zones indicates a 5% possible density change
(decrease). This result validates the fit procedure. The
irradiation-induced degradation of k is then 55%. Previously,
using an SThM signal calibration, kirr was found to be
106 2.4Wm1K1 while the kZrC was 306 10Wm
1K1
(Table I in Ref. 19), comparing favorably with the present
PTR measurements. The SThM-measured kZrC showed rela-
tively more variability that was attributed to both decreased
sensitivity and the localized measurement, not capturing longer
scale effects such as grain boundaries. However in the irradi-
ated zone the dominant mechanism of thermal transport degra-
dation is a high concentration of nanometer-sized Frank loops
that would be manifest in both SThM and PTR. Grain bounda-
ries were not found in the irradiated zone of the ZrC sample.14
Clarke35 developed a model to estimate the minimum k
for a material in an amorphous state at high temperatures.
The model only accounts for acoustic phonon modes and is
formulated based on expressions for minimum phonon mean
free path and mean phonon velocities. The mean free path is
formulated from the cube root of the volume of a molecule.
Using this expression, the minimum calculated thermal con-
ductivity, kmin, of ZrC is 1.6Wm
1 K1. Snead et al. found
little change of electrical resistivity in ZrC resulting from
fast neutron irradiation. The small changes of thermal con-
ductivity were then attributed to phonon scattering from
irradiation-induced defects.11 While no measurements of
electrical resistivity were made in this work for comparison,
assuming the change of the electronic contribution to k is rel-
atively small as is common in ceramic material,36 the meas-
ured kirr compared to the electronic contribution calculated
in Sec. IVB 1 evidences a drastic reduction of the phonon
contribution of k, to the order of kmin.
From Rth and an approximate thickness for the second-
ary layer as 5lm from the TRIM profile, k for such a layer
would be approximately L/Rth¼ 3.2Wm1K1, comparable
to what others have found for k of regions of peak damage.4,5
On the other hand, the capacitive impedance ZC of the same
layer satisfies the condition ZC
Rth for frequencies up to
8.3 kHz. The sensitivity of PTR method to Rth is situated
below this frequency limit, and therefore the effect of Rth is
indistinguishable from that of an equivalent 5 lm thick
layer (see Sec. III C 2). With the other methods, the spatial
profiles made of the irradiation-damaged profile reveal no
evidence of a region of peak damage (sharp degradation of
k). Although in such a configuration, the excitation thermal
gradients are oriented primarily parallel to the interface,
which is unfavorable for the detection of Rth. Yet, from the
frequency-based FD-PTR measurements, the shape of the
profiles shows the existence of a strong resistance at the
rear of the irradiated layer. One theory to explain this resist-
ance is that it may not actually be due to the damaged
microstructure as suggested by the TRIM results. Instead,
evidence supports the possibility of small voids in the mate-
rial that have been pushed by the proton irradiation to con-
gregate at the backside of the damaged zone.
Figure 7 shows an optical micrograph of the sample
cross-section, in which the damaged layer is apparent. In the
micrograph, the polished sample has many “defect” struc-
tures (void space based on topographic measurements from
SThM) that appear as dark regions. The irradiated layer is
clearly visible due to less defects and a higher concentration
of defects at the rear of the layer. In some regions, “crack”-
like structures are visible, running primarily perpendicular to
the irradiated surface. All of these “cracks” (appear to be
aligned void space, originating from the material formation
process), terminate at the backside of the irradiated zone. For
some, they have the appearance of being bent into the plane
of the backside of the irradiated layer. In the extreme case,
the irradiated layer completely delaminated off the bulk
layer after accidental mechanical stress was applied to the
sample.
Similar effects were documented in a study of proton-
irradiated ZrN, where they hypothesized that voids in the
material had been moved through the material by the proton
beam front and coalesced at the peak of the damage profile.37
The result was transgranular cracking with void surfaces
having silicon rich oxides. No composition analysis was per-
formed on the ZrC sample studied here. Although the SThM
measurements found the defect regions to be of lower ther-
mal conductance, even though such “hole”-like regions
would typically increase contact surface area with the ther-
mal probe, indicative of lower conductivity material such as
oxides.
Further support of the non-existence of a region of peak
damage of the material microstructure as seen in the TRIM
results can be inferred from molecular dynamics simulations
done by Brutzel et al.38 Their simulations of collision cas-
cades found that point defects are primarily created while no
amorphization was observed. Yang et al. showed consistent
findings with this ZrC sample in an experimental study, with
no evidence of amorphization, but high concentrations of
nanometer-sized Frank loops.14 The primary contribution to
the degradation of kirr is attributed to these loop defects act-
ing as phonon scattering sites.
FIG. 7. Optical micrograph of irradiated-ZrC cross section. Irradiated layer
has 50 lm thickness. “Cracks” are clearly visible, terminating at depth of
irradiation penetration. In some locations, showing evidence of having been
pushed by proton front to form a boundary between the two zones.
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V. SUMMARYAND CONCLUSIONS
Spatial scanning techniques of cross-sections prove valua-
ble when combined with tomographic frequency scanning tech-
niques. For the first time, such methodology has been applied
to an irradiated sample. The methods complement and validate
each other finding 55% degradation of thermal conductivity
(kirr¼ 11.9Wm1K1 and kZrC¼ 26.7Wm1K1) in ZrC
irradiated to 1.75 dpa at 600 C by a 2.6MeV proton beam.
• Frequency scanning provides more straightforward ther-
mophysical quantification but requires knowledge of the
in-depth profile.
• SThM profiling provides good resolution for estimating
irradiation penetration depth and relative characteristics of
the profile.
• Possible artifact on Rth detection: the used spatial scanning
methods involved excitation thermal gradients oriented par-
allel to the interface with Rth (unfavorable configuration for
Rth detection); in the FD-PTR method, the Rth detection is
based on the “reflection” of thermal waves traveling perpen-
dicular to the interface with Rth (favorable configuration).
Spatial scanning PTR resolution is limited by heating
spot size. Lock-in IRT is frequency limited, thus having ther-
mal diffusion lengths too large for good spatial resolution,
but has the advantage of quickly imaging the entire cross-
section in a single measurement. SThM has the best resolu-
tion and gives a good approximation of the profile of thermal
conductivity degradation. However due to difficulties associ-
ated with exact reproducibility of tip-sample contact condi-
tions, it requires careful interpretation of results.
The proton-irradiated ZrC has a damage profile lending
itself well to a discretely layered approximation used in
FD-PTR. The damaged layer is 526 2lm thick with a rela-
tively uniform thermal profile. A rather sharp transition to the
virgin material was found at the back side of the radiation
damaged layer. However, as evidenced by visual study and the
tomographic profiles, a thermal resistance exists in the transi-
tion zone. Evidence suggests that the thermal resistance is due
to the coalescence of void space driven by the proton irradia-
tion front. The existence of such an effect merits further study.
Although SEM images and optical observation provide
no indication of grain boundary separation, no irradiation-
induced amorphization has been observed in similar ZrC
samples.14,39 Degradation of thermal conductivity in the
irradiation-damaged zone is primarily attributed to the pres-
ence of a high concentration of Frank loops found in study of
ZrC irradiated under similar conditions.14
The thermal transport measurement methodology used
in this study can be expanded and applied to a more system-
atic study of ZrC irradiated by protons for a range of irradia-
tion temperatures and dosages.
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